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 High melting point 
 Strength retention at elevated temperature
 High creep strength
 Good thermal conductivity
Property requirement for high temperature 
application 
 Low  coefficient of thermal expansion
 Microstructure stability
 Good oxidation resistance
 Structural stability at high temperature/high 
pressure (shock loading) for short duration 
Problem Statement 
Poor sinterability/High 
Sintering Temperature
Moderate fracture toughness
Low oxidation resistance
Sintering reactions    
B. Basu, G. B. Raju, A.K. Suri : International Materials Reviews 51 [6] (2006) 352-374  
Processing of TiB2-MoSi2/TiB2-TiSi2
Hot pressing parameters of TiB2-MoSi2:
Temp: 1500-1800oC
Time: 1 h
Heating rate 15oC/min
Pressure: 30 Mpa88
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Densification of hot pressed TiB2-MoSi2
Atmosphere: Vacuum
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XRD of TiB2-MoSi2 after hot pressing (1700oC)
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Finer scale Microstructure (TiB2-10% MoSi2)
(c)
MoSi2
MoSi2
TiB2
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(b)(a)
MoSi2
0.5µm 0.5µm 0.2µm Microcrack
5TiO2+ 5.714MoSi2 = 1.143Mo5Si3 +Ti5Si3+5SiO2 (1)
2.5Ti3O2 + 5MoSi2 = Mo5Si3 +  1.5Ti5Si3 + 2.5SiO2             (2)
6.364TiO+5MoSi2 = Mo5Si3 + 1.273Ti5Si3 + 3.182SiO2      (3)
Thermodynamic feasibility of Sintering reactions
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Hot pressing of TiB2-TiSi2:
Temp: 1400-1650oC
Time: 1 h
Heating rate 15oC/min
Pressure: 30 Mpa
Atmosphere: Argon
Densification of hot pressed TiB2-TiSi2
TiB2-10% TiSi2
XRD of TiB2-TiSi2 after hot pressing at 1650oC
TiB2-5% TiSi2
SEM-EDS of TiB2-TiSi2 samples after hot pressing at 1650oC
5 µm 5 µm
(1) Ti
1
1
2
Monolithic TiB2 TiB2-5 % TiSi2
TiB2-10 % TiSi2
TiB2
Ti5Si3 formation in TiB2-10% TiSi2
5 µm
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Ti
Ti
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TiB2
TiSi2Ti5Si3
3TiB2 + 2TiSi2 = Ti5Si3 + SiB6 (1)
2TiO2 + TiB2 + 2TiSi2 = Ti5Si3 + SiO2 + B2O2 (2)
7TiO2 + 8TiSi2 = 3Ti5Si3 + 7SiO2 (3)
Sintering reactions 
5TiO2 + 5TiSi2 + 2C = 2Ti5Si3 + 4SiO2 + 2CO(g) (4)
Ti3O2 + 2TiSi2 = Ti5Si3 + SiO2 (5)
2.8TiO + 2.2TiSi2 = Ti5Si3 + 1.4SiO2 (6)
G. B. Raju, B. Basu : J. Am. Ceram. Soc. 90 [11] (2007) 3415-3423
High Temperature Mechanical properties
(a) High temperature flexural strength
(b) Hot hardness
(c) High temperature oxidation
(d) Shock tube experiments
Flexural/bend Strength test parameters:
4-Point Bending Configuration
Sample: 3mmx4mmx40mm
Test Temp: RT-1000oC
Heating Rate: 15oC
Atmosphere: Air
Cross head speed:0.5 mm/min
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Flexural strength of TiB2-MoSi2
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Flexural strength of TiB2
 [Baumgartner et al.]
 [Munro] 
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Hot Hardness test parameters:
Sample: 5mmx5mmx10mm
Test Temp: RT-900oC
Atmosphere: Vacuum (5x10-3 Pa)
Indentation Load: 9.8 N
Dwell Time: 10 seconds 
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Hot hardness results of TiB2-TiSi2
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 TiB2-2.5TiSi2
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G. B. Raju, B. Basu, N.H. Tak and S.J. Cho : J. Eur. Ceram. Soc. (in press, 2008)
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Munro :
Hv = Ho exp [-(T-To)/τ] 
Oxidation properties 
Isothermal oxidation tests using TGA :
1473K / 12 h
Material compositions:
TM0: TiB2-0% MoSi2
TM2: TiB2-2.5% MoSi2
TM10: TiB2-10% MoSi2
TS10: TiB2-10% TiSi2
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Log (Time, min)
 TM10
 Linear fit
(∆W/S)n = kt
Linear or parabolic rate law? 
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Nature of oxide scale grown on TiB2
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G. B. Raju, B. Ba su, A.K. Suri : J. Am. Ceram. Soc. 91 [10] (2008) 3320-3327.
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Over view Ti
Si O
X-ray mapping on oxidised TiB2-10 % MoSi2
(e) (f) MoB
Thermophysical properties
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Thermal diffusivity
 TiB2-0 WT.% TiSi2
 TiB2-10 WT.% TiSi2
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Thermal diffusivity and specific heat of TiB2-TiSi2
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Specific heat
 TiB2-0 WT.% TiSi2
 TiB2-10 WT.% TiSi2
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TiB2 36.3 23973
Linear dependency of inverse diffusivity on temp.
0 200 400 600 800 1000 1200 1400
0
10000
20000
30000
40000
I
n
v
e
r
s
e
 
t
h
e
r
m
a
l
 
d
i
f
f
u
s
i
v
i
t
y
 
Temperature (K)
TiB2-10 TiSi2 31.7 18354
What factors influence thermal diffusivity? 
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Composition AI (m-2.s.K-1) BI  (s. m-2)
TiB2 29.1 39432
TiB2-2.5 MoSi2 32.6 32793
Inverse thermal diffusivity, a-1 = AIT + BI
AI: Intrinsic scattering factor (Phonon-phonon scattering)
BI: External scattering factor (Microstructure, defects etc.)
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Temperature (K)
TiB2-10 MoSi2 28.9 43463
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 TiB2, < 15 µm [Konigshofer et al.]
 TiB2, 9 µm [Munro]
Thermal conductivity Vs Temperature; Grain Size
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G.B. Raju and B. Basu: Advanced Materials (Under Review)
Temperature  dependence of the Thermal diffusivity 
and  Conductivity Equations
m Vk a Cρ= VC = Heat Capacity per unit volume
a = Thermal diffusivity
= Molar densitymρ
1
3 s tot
a lν= sv
totl
= Total mean free path
= Average phonon velocity
1 1 1 1 1
xtot pp pd gb xl l l l l
= + + +∑
ppl
pdl
gbl
xl
=Mean free path due to thermal phonon-phonon scattering
= Mean free path due to phonon-defect scattering 
= Mean free path due to phonon –grain boundary scattering
= Mean free path due to other scattering
Phonon scattering as a function of temperature
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 TiB2, 9 m [Munro]
Shock speed
Schematic diagram 
of FPST
Shock Tube Experiments
P5 sensor
Photograph of the end
flange with shock tube
End flange
Aluminum Diaphragm20 kg  piston
Pp
V
holding
Piston
V21
High pressure gas inlet
79 V
Compression Tube1 2 3Shock Tube
Gas inlet / outlet
Inertial mass
V Pc
5V
3
6V
Vacuum pump
V
V
gas inlets V8 10
Vacuum pump
1
P
N
o
z
z
l
e
End  flange with
feed through
electrical
Free piston driven shock tube with electronic controls
reservoir
Gas
1. 20 kg Piston
2 .Metal diaphragm
g
3. Sample mounted on end flange
V     V   Valve101 -
vacuum
system
P
V4
and   P    pressure
High Speed Data Acquisition System
0 - 345 bar
sensor 
4  P    Pressure
5
0 - 345 bar
Shock speed
54P
P
Spacer
N
o
z
z
l
e
Free piston driven shock tunnel/tube (FPST)
He gas 
(1 atm) .
20 kg Stainless 
Steel Piston
Compressed
gas of 65 bar
O2 gas (0.14 bar)
Boundary layer 
thickness of 
shock waveShock tube
(ø= 50 mm)
Shock Wave generation inside HPST
Sample at 
end flange
Plane uniform
shock wavefront 
Aluminum diaphram
(3mm, 1/3 groove)Compression tube
(ø= 167 mm)
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Ms: Shock Mach number, Vs: shock velocity, P2:Primary shock pressure,
P5/T5: Reflected shock pressure/Temperature, P1: initial pressure in HPST,
T1: Room temperature; γ = gas constant (Cp/Cv); ∆L:distance between two
pressure transducers (~0.5 m), ∆t : time taken for shock wave to travel ∆L and
a : sound velocity in air / gaseous environment
Relevance of aero-thermodynamics experiment 
Experiments with short pulses of high temperature
and high pressure for very short duration
 Similar conditions prevail at the leading edge of the re-
entry space vehicles
 Material exposed to extreme aero-thermodynamic
conditions, which can lead to oxidation and strength
degradation of high temperature materials
 Under high pressure and temperature, the driven gas can
be dissociated to atomic or nascent state and thereby, it can
induce non-catalytic surface oxidation even in short duration
 These experiments can lead to phase transformation of
materials (amorphous to crystalline and vice versa !)
 Shock tube experiments – a material undergoes
superheating and cooling process in a short duration and a
large temperature gradient is introduced
Materials 
(before shock)
Experimental 
Data
Calculated 
Data Materials 
after shock
Test gas 
P1 (bar)
P5
(bar)
MS T5
(K)
Anatase TiO2
(Photo-catalytic )
0.05 bar N2
0.05 bar Ar
102 7.00 6800 Titanium Nitride
(Rutile Phase)
Typical reflected shock pressure and temperature used for 
material interaction in a shock tube (Ф=36mm)
Cubic CeO2
(Fully Catalytic) 
0.1 bar N2
0.1 bar O2
72
68
7.40
6.9
7700
6400
Cubic CeO2
Cubic fluorite
ZrO2 Cubic 
(High Temp oxygen sensor )
0.1 bar O2 72 8.36 9550 ZrO2
Monoclinic 
Phase
CubicCe0.5Zr0.5O2
(Three-way catalyst) 
0.1 bar Ar 50.4 7.35 12800 Ce2Zr2O8
Pyrochlore
Cubic Ce1-xCrxO2+δ
(Ferroelectric)
0.06 bar Ar 40-65 7.20 11760 CeCrO3
Orthorhombic 
Shock induced phase transformation in ZrO2 (O2 test gas)
Microstructure of shock exposed ZrO2
Cubic ZrO (unexposed) Shock exposed ZrO (0.1 bar O )2 2 2
Shock exposed ZrO2 (0.2 bar N2)           Shock exposed ZrO2
(0.05 bar Ar+0.05 bar N2)
Present experimental conditions
 20 kg Piston made of stainless steel 
 Driver gas : adiabatically compressed Helium (He)
 Driven gas  : Oxygen (0.14 bar ~ 100 mm Hg)
 Diaphragm bursting pressure : 68 bar
 Shock speed : Mach No. 8
 Pulse duration / test time : up to 4 ms
 Reflected shock temperature : 6800 K (estimated)
 Reflected shock pressure: 65 bar (experimentally measured)
Typical reflected shock pressure signal recorded at 
the end of shock tube
XRD of TiB2 (20% wt)  without shock exposure and after 
exposure to shock heated O2
Amorphous 
phase (?)
Peak shift (!)
XRD of TiB2 (10% wt)  without shock exposure and after 
exposure to shock heated O2
Amorphous 
phase (?)
Peak shift (!)
 456 458 460 462 464 466 468 470
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XPS results of surface composition after shock testing
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Titanium oxy boride
Formulae to calculate hardness and elastic modulus 
from microindentation plot.
hc = hmax – ε(Pmax/S)
Hardness H = Pmax/Acr
Acr = 24.504 hc
2
S = (dp/dh)h=hmax = βCA E* (Acr)
1/2
1/E* = (1 – ν 2)/E + (1 – ν 2)/E
Important parameters in the plot:
Peak load Pmax
Max penetration depth, hmax
Contact stiffness, S
Final penetration depth, hf
i i s s
E* = combined elastic modulus 
(substrate/indenter)
Ei = elastic modulus of indenter = 1140 Gpa for 
diamond
Es = elastic modulus of substrate
νi= Poisson's ratio of indenter = 0.07 for diamond
νs = Poisson's ratio of substrate
Shekhar Nath et al. Nanoindentation reponse of novel hydroxyapatite-mullite
composites. Material Science & Engineering A 513-514 (2009) 197-201.
SEM images of Ti/TiB2 surface after shock testing 
Surfaces after three shock pulses 
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Microindentation of 20%Ti/TiB2
Load applied = 20 N
Hardness = 10.857 GPa
Elastic modulus = 91.86 GPa
Load applied = 20 N
Hardness = 10.288 GPa
Elastic modulus = 91.32 GPa
Microindentation of 20%Ti/TiB2 with position control
Load applied = 20 N Load applied = 20 N
Hardness = 8.51 GPa
Elastic modulus = 90.4 GPa
Hardness = 7.68 GPa
Elastic modulus = 77.32 GPa
Load applied = 20 N
Hardness = 8.45 GPa
Elastic modulus = 72.81 GPa
Comparative XRD plots of 10 and 20% Ti/TiB2
JCPDS peaks for TiB2 occur at 2θ (degrees) = 27.607, 34.150, 44.462, 61.137, 68.355 and 78.672.
Thermal Conductivity Equations
pk Cα ρ′ =
Where
k ′ = Thermal Conductivity
α = Thermal Diffusivity
pC
ρ
= Heat Capacity
= Density
41
3
k
k φ
′
= −
k = Thermal Conductivity in dense case
= Porosityφ
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Thermal Diffusivity: 
Laser Flash Method
Specific heat: Based on 
standard data and Rule 
of Mixture formulation
0 200 400 600 800 1000
600
700
800
900
1000
1100
 
 TiB2
 TiB2-2.5 MoSi2
 TiB2-10.0 MoSi2
S
p
e
c
i
f
i
c
 
H
e
a
t
 
C
p
,
 
J
/
k
g
.
K
Temperature (oC)
What factors influence thermal diffusivity? 
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Composition AI (m-2.s.K-1) BI  (s. m-2)
TiB2 29.1 39432
TiB2-2.5 MoSi2 32.6 32793
Inverse thermal diffusivity, a-1 = AIT + BI
AI: Intrinsic scattering factor (Phonon-phonon scattering)
BI: External scattering factor (Microstructure, defects etc.)
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Thermal Conductivity: Theoretical Predictions
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XPS results of surface composition after shock testing
